ADA025418 


( 

( 


R76-922241-3  ^ 


HIGH-POWER  INFRARED  WAVEGUIDE  MODULATORS 


y 


I 


SEVENTH  SEMI-ANNUAL  TECHNICAL  REPORT 


PERIOD  COVERED 

25  SEPTEMBER  1975  TO  25  MARCH  1976 


CONTRACT  NO.  N00014-73-C-0087 


SPONSORED  BY 

advanced  research  projects  agency 

ARPA  ORDER  NO.  1860,  AMENDMENT  NO.  6 


/ 

UNITED  TECHNOLOGIES  RESEARCH  CEf4TER 
EAST  HARTFORD,  CONNECTICUT  06108 


D D C 


JUN  14  1S76 


'EinrEL 

D 


i 


DISTRIBUTION  STATEM~E^T_A 

Approved  foi  public  release; 
Distributioix  Unlimited 


i 


76-03-205- 


1 


BEST 

AVAILABLE  COPY 


UNITED  TECHNOLOGIES 
RESEARCH  CENTER 


East  Hartford,  Connecticut  06108 


1 Mirtrc*  lot 

<?IS 

HUk  bctlM  ^ 

IK 

tull  UcM  □ 

tvr.t  . . 

□ 

ijjf\cAi6  ~922?M1-3  / 

Semi-Annual  ];/chnical  / Ip  3u)  1S~  ^dAJ 


jjT'oi  tiiaudin  CNo 

IM  V tfdul 


Hip-h-Power  Infrared  Waveguide  Modulators^ 


P.  K./Cheo,  D./Fradin,  M./Iilde 


nited  Technologies  Research  Center 
.Past  Hartford,  Connecticut  06ict 


agner 


04)  W 


Principal  Investigator  - P.  K.  Cheo  (203)  565-^^297 


Prepared  for  ^hV 

Contracting  Officer;  Dr.  M.  White  y / /'\0 
Contract 

Contractor  Modification  No.  POOOO^.^'^U3B,U88 
25  August  1972  to  25  October  1976 


Sponsored  By- 


Advanced  Research  Projects  Agency 
ARPA  Order  i860,  Amendment  No.  6 


(Mrl 


JUN  14  1976 


xsECin 

D 


The  views  and  conclusions  contained  in  this  document 
are  those  of  the  author  and  should  not  be  interpreted 
as  necessarily  representing  the  official  policies,  either 
expressed  or  implied,  of  the  Advanced  Research  Projects 
Agency  or  the  U.  S.  Government.  Reproduction  in  whole 
or  in  part  is  permitted  for  any  purpose  of  the  U.  S. 
Government . 


DISTRIBUTION  STATEME^XA 
Approved  for  public  release; 
Distribution  Unlimited 


\ 


R76-9222U1-3 


TABLE  OF  CONTENTS 

Page 

1.0  TECHNICAL  REPORT  SUMMARY 

1.1  Program  Objectives 

1.2  Major  Accomplishments 

1.3  Future  Work 

2.0  INTRODUCTION 2.1 

2.1  References 2.3 

3.0  RELATIVE  MERITS  OF  INTEGRATED-OPTICS  COUPLERS  3.1 

3.1  IntT’oduction 3*1 

3.2  The-^  etical  Considerations  3-2 

3.2.1  General  Coupler  Characteristics  3.2 

3.2.2  Waveguide  Thickness  Variations  3.5 

3.3  Experimental  Results  3.8 

3.4  Discussion  and  Conclusions  3.1G 

3.5  References 3.13 

FIGURES 3.14 

4.0  WAVEGUIDE  FABRICATION  TECHNIQUES  4.1 

4.1  Introduction 

4.2  Waveguide  Fabrication  Processes  » • 4.2 

4.3  Microstrip  Electrode  Fabrication  Processes  4.4 

4.4  References * ^*5 

FIGURES 

5.0  BROADBAND  MICROWAVE  MODULATOR  CIRCUITS 5.1 

5.1  Introduction 5.1 

5.2  Modulator  Circuit  Modeling  5.2 

5.3  Experimental  Results  on  Bandwidth  ...  5-5 

5.4  References 5.6 

FIGURES 


R76-922241-3 


TABLE  OF  CONTENTS  (Cont'd.) 


6.0  OPTICAL  AND  MICROWAVE  MODUIATION  MEASUREMENTS 

6.1  Optical  Transmission  Characteristics  . 

6.2  Optical  Sideband  Power  Conversion  and 

Modulation  Bandw  

6.3  References  

FIGURES  

7.0  CHANNEL  WAVEGUIDES  . . . . « 

7.1  Introduction  

7.2  Channel  and  Raised  Ridge  Structures  . . 

7.3  References  .....  

FIGURES  


6.1 


6.1 


6.2 

6.3 

6.4 


7.1 


7.1 

7.1 

7.3 

7.4 


11 


R76- 922241- 3 


1.0  TECHNICAL  REPORT  SUMMARY 


' 1.1  Program  Objectives 

The  objective  of  this  program  is  to  develop  an  efficient  and  reliable  ultra- 
wideband  waveguide  modulator  for  CO2  lasers  that  will  be  useful  for  high  resolution, 
imaging  optical  radars  and  high-data-rate  optical  communication  systems.  Efficiency 
and  reliability  are  obtainable  by  using  integrated  optics  technology. 


During  this  reporting  period  (September  1975  to  March  1976) , major  obj^tives 
are  (l)  to  obtain  the  sideband  power  at  a frequency  16  GHz  offset  from  a CO2  laser 
V-R  transition  greater  than  10  mW,  (2)  to  obtain  a modulation  bandwidth  exceeding 
500  MHz,  (3)  to  obtain  a good  transmitted  optical  beam  quality,  and  (4)  to  establish 
an  optimum  waveguide  modulator  configuration  and  define  the  operational  capabilities 
and  limitations  of  this  modulator.  These  research  and  development  efforts  are 
essential  for  making  an  accurate  assessment  of  active  infrared  waveguide  devices 


that  shall  lead  to  a rational  decision  regarding  the  advisability  of  initiating  a 
high-power  infrared  waveguide  modulator  brassboard  development  program. 


1.2  Major  Accomplishments 


\ 


During  the  reporting  period,  we  have  accomplished  all  above  objectives. 
Specifically,  we  have  obtained  the  following  results;  (l)  the  sideband  power  of 
40  mW  at  16  GHz  was  obtained  by  using  a 15  watts  CO2  laser  and  a 22  watts  Ku-band 
microwave  driver  as  the  inputs  to  a 25  HiQi  thick  GaAs  waveguide,  (2)  tne  measured 
modulation  bandwidth  exceeds  1 GHz,  (3)  the  transmitted  beam  shape  was  almost 
Gaussian,  and,  finally  (4)  an  optimum  waveguide  configuration  has  oeen  established. 
It  consists  of  a slowly  tapered  raised-ridge  structure,  which  shall  provide  the 
highest  sideband  conversion  efficiency,  the  desired  beam  quality  and  power  handling 


capability. 


To  accomplish  the  first  objective,  we  have  made  considerable  improvements 
in  both  the  waveguide  structure  and  optical  coupling  technique.  These  improvements 
have  yielded  the  highest  optical  coupling  efficiencies  of  72  percent  and  100  percent 
for  the  input  and  output  coupler,  respectively.  With  water  cooling,  one  of  these 
modulators  (LD-4)  has  been  tested  at  MIT  Lincoln  Laboratory  with  a high-power 
microwave  IWT  driver  up  to  80  watts.  This  modulator  has  subsequently  been  optically 
evaluated  at  our  Laboratory  and  has  yielded  no  discernable  -Lange  either  in  its 
optical  characteristics  or  in  its  ability  to  generate  sideband  power.  To  a";hieve 
good  transmitted  beam  quality,  a two-dimensional  waveguide  in  a channel  ■;onfi.g’',ration 
has  been  used  to  confine  the  guided-wave  mode  within  a narrow  and  long  electro-active 
region.  Without  the  channel,  the  microstrip  electrode  distorts  the  propagating 
wave  by  spreading  the  beam  in  the  plane  of  the  guide. 


1.1 
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1.3  Future  Work 

Work  is  in  progress  to  generate  higher  sideband  power  in  the  range  from  100  triW 
to  200  mW.  In  parallel,  work  is  in  progress  to  develop  a technique  that  shall 
filter  out  a single  sideband  with  a relatively  broad  passband  of  ^ 1 GHz  from  the 
modulator  output.  Experimental  investigation  of  the  slowly  tapered  raised- ridge 
I waveguide  structure  will  also  be  carried  out. 


I 
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2.0  INTRODUCTION 


Either  epitaxially  grown,  (Refs.  1,  2,  3)  or  mechanically  polished  (Refs.  4,  5) 
infrared  waveguides  have  been  investigated  extensively  at  only  very  low  optical 
power  levels. ^ As  optical  input  power  and/or  electrical  driving  power  to  these 
waveguide  devices  is  increased,  waveguide  imperfections  associated  with  free 
carrier  absorption,  lattice  mismatch,  dislocation,  process-induced  damage,  thick- 
ness uniformity,  and  most  importantly,  electric  power  loss  at  high  frequencies,  sur- 
face deformation  by  electrodes  and  stress-induced  birefringence  can  severely  degrade 
the  performance  of  these  waveguide  devices  from  their  idealized  situations. 

^ In  this  program  we  have  explored  several  waveguide  structures  that  may  be 
suitable  for  high-power  laser  systems  applications.  Of  particular  interest  is 
the  device  performance  of  wideband  electro-optic  modulation  of  a high-power  CO 
laser  beam.  For  a high  resolution  optical  imaging  radar  system,  where  modulation 
bandwidth  far  exceeds  one  GHz,  the  selected  approach  is  to  generate  a single  side- 
band power  from  a CO2  laser  carrier  at  microwave  frequencies.  In  this  case 
broadband  modulation  can  be  obtained  by  sweeping  the  microwave  frequency  over  a 
range  of  several  GHz.  This  has  been  demonstrated  (Ref.  6)  by  interfacing  a high- 
power  infrared  waveguide  with  a microwave  microstrip  transmission  line. 

This  report  describes  an  infrared  waveguide  modulator  suitable  for  use  with 
high  power  CO2  laser  (>  10  watts)  and  high  power  microwave  source  (=^  100  watts). 

The  fabrication  techniques  and  some  preliminary  optical  characteristics  of  a bonded- 
down  GaAs  thin-slab  waveguide  have  been  already  detailed  in  the  6th  Semi-Annual 
Report  (Ref.  7j . Because  of  microwave  propagation  loss,  the  electrodes  must  be 
made  of  copper  and  must  be  in  a close  contact  with  the  waveguiding  layer  for 
efficient  interaction.  This  rules  out  the  use  of  epitaxial  waveguide  structures 
and  limits  the  choice  to  the  thin  dielectric  slab  waveguide  configuration.  The 
top  electrode  must  be  in  tne  form  of  a very  long  and  narrow  stripline  in  order  to 
provide  the  desired  sideband  conversion  efficiency  and  the  bandwidth.  This 
requirement  causes  difficulty  in  beam  alignment  with  respect  to  the  electrode.  We 
often  observed  that  a slight  misalignment  of  the  laser  beam  can  produce  tremendous 
IS  ortion  of  the  output  laser  beam  shape  by  spreading  and  deflecting  the  beam  in 
the  plane  of  the  waveguide.  This  lens-like  effect  during  the  quiescent  phase  is 
caused  by  the  waveguide  surface  deformation  along  the  edges  of  the  electrode,  that 
produces  a localized  stress-induced  birefringence  which,  in  our  case,  is  about 
two  orders  of  magnitude  larger  than  the  field- induced  birefringence  via  the  electro- 
optic property  of  the  waveguide.  Beam  distortion  is  further  enhanced  when  microwave 
power  IS  applied  to  the  modulator.  Beam  distortion  can  be  eliminated  by  using  a 
wider  electrode  so  that  along  the  entire  propagating  path  laser  beam  is  confined 
wi  in  the  electrode  region.  Under  this  condition  we  observed  no  beam  distortion 
either  with  or  without  the  microwave  field.  Certainly  widening  of  the  electrode 
IS  not  desirable  because  it  reduces  both  the  conversion  efficiency  and  the  modulation 
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bandwidth.  To  confine  a laser  beam  within  a narrow  path  over  a long  distance,  one 
alternative  way  is  to  compensate  this  lens-like  effect  by  using  a two-dimensional 
channel  waveguide  which  can  be  made  by  removing  a small  amount  of  material  along 
the  edges  of  the  microstrip  electrode.  In  this  way  we  have  obtained  perfect 
alignment  of  the  optical  beam  with  microwave  field  along  a narrow  (l  mm  wide  x 2.8  cm 
long)  microstrip  electrode  without  apparent  beam  distortion. 

Previous  studies  (Refs.  7,  8)  indicated  that  optical  transmission  through  the 
waveguide  by  using  prism  as  couplers  is  about  ten  times  that  of  grating  couplers. 

This  large  difference  in  the  relative  merits  of  the  two  types  of  couplers  is 
basically  caused  by  two  factors,  namely  the  coupling  strength  and  partition  of 
energy.  Because  grating  is  an  inherently  weak  coupler,  larger  coupling  length  than 
that  of  a prism  is  required  for  efficient  energy  transfer.  For  this  reason  waveguide 
structural  imperfections  have  much  greater  effect  on  the  grating  coupler.  Chapter  3-0 
gives  a detailed  discussion  on  these  effects. 

Chapter  4.0  gives  a detailed  processing  procedure  for  waveguide  fabrication. 

To  make  the  report  self-consistent,  this  chapter  gives  a brief  review  of  the 
processing  techniques  and  elaborates  on  those  which  are  developed  during  this 
reporting  period.  Specifically,  the  noncontracting  thickness  measuring  techniques 
with  an  accuracy  to  better  than  0.1  p,m  has  been  used  to  improve  the  thickness 
tolerance  of  our  bonded-down  thin-slab  waveguides. 

Chapter  5-0  discusses  the  microwave  characteristics  of  the  waveguide  modulator. 
Special  emphasis  is  given  to  the  understanding  of  the  modulator  bandwidth  which  is 
a trade-off  parameter  for  a resonator-type  of  modulator  design. 

Chapter  6.0  presents  both  the  optical  transmission  data  and  microwave  modulation 
data.  Optical  measurements  include  the  coupling  efficiency,  power  loss  in  the  top 
and  bottom  electrodes,  and  optical  confinement  characteristics  with  a channel  wave- 
guide. Also  included  are  measurements  of  sideband  power  conversion  efficiency  and 
modulation  bandwidth. 

The  last  chapter  (7.0)  is  a preliminary  investigation  of  an  optimum  waveguide 
modulator  configuration.  Calculated  results  for  the  performance  of  such  a 
modulator  structure  are  given. 
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3.0  ' TIVE  MERITS  OF  INTEGRATED -OPTIC  COUPLERS 

3-1  Introduction 

The  extensive  data  on  grating  and  prism  couplers  reported  in  the  previous  two 
semiannual  reports  (Refs.  1,  2)  indicate  that  (l)  the  measured  performance  charac- 
teristics of  our  couplers  deviate  substantially  from  the  characteristics  of  ideal 
grating  structures,  (2)  the  prism  performance  characteristics  correlate  well  with 
the  characteristics  of  ideal  prism  couplers,  (3)  substantially  higher  total  coupling 
efficiencies  are  normally  achieved  with  the  prism  coupler.  In  Ref.  1 it  was  sug- 
gested that  waveguide  thickness  variations  may  play  an  important  role  in  the 
grating  chracteristics , and  selected  data  on  transverse  beam  deflection  within  the 
waveguide  was  presented  to  demonstrate  that  significant  waveguide  thickness  varia- 
tions were  often  present  in  the  available  waveguides.  Nonetheless,  the  theoretical 
considerations  introduced  in  Ref.  1 (Section  3)  were  not  developed  sufficiently 
to  explain  the  details  of  the  experimental  data.  A particularly  confusing  observa- 
tion was  that,  when  both  a prism  coupler  and  a grating  coupler  were  used  on  the 
same  waveguide,  use  of  the  prism  resulted  in  substantially  better  performance.  (See 
Fig,  1 of  Ref,  2).  If  waveguide  thickness  variations  strongly  affected  the  grating 
performance,  it  was  difficult  to  imderstand  why  performance  with  the  prism  coupler 
was  not  similarly  degraded. 

In  this  section  we  show  that  the  major  trends  of  the  experimental  data  can,  in 
fact,  be  explained  by  assuming  that  small  but  significant  thickness  variations  were 
present  in  the  waveguides  \ised  in  our  earlier  experiments.  In  addition  to  explaining 
the  major  features  of  the  experimental  data,  this  analysis  provides  both  guidance 
on  the  choice  of  couplers  in  various  waveguide  configurations  and  information  that 
can  be  used  to  establish  waveguide  thickness  tolerances. 

The  theoretical  calculations  were  conducted  in  collaboration  with  Dr.  S.  T.  Peng 
and  Prcf.  T.  Tamir  of  Polytechnic  in  Ref.  3.  Except  for  calculations  based  on  the 
overlap  integral  discussed  in  Ref.  1,  the  calculations  reported  in  tnis  section 
were  performed  at  the  Polytechnic  computer  facilities. 

In  Section  3.2  the  important  results  of  the  theoretical  analysis  are  summarized. 
Comparison  to  experimental  data  is  made  in  Section  33.  It  is  concluded  that  wave- 
guide thickness  variations  dominate  the  grating  performance,  because  for  our  con- 
figuration the  grating  couple'-'  is  a weak  coupler.  La'..ge-area  input  laser  beams, 
whose  areas  exceed  the  areas  over  which  the  waveguide  is  acceptably  flat,  are  needed 
for  aperture  matching.  As  a result,  aperture  matching  cannot  be  achieved  with  our 
grating  structures.  Proper  use  of  a prism  coupler  with  our  waveguides,  on  the 
other  hand,  results  in  values  of  the  coupler  parameter  a that  are  sufficiently 
large  so  that  aperture  matching  can  be  achieved  with  relatively  small-area  laser 
beams . Over  small  areas  the  waveguides  are  generally  sufficiently  flat  so  that 
thickness  variations  do  not  strongly  affect  the  coupling  efficiency. 
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3.2  Theoretical  Considerations 
3.2.1  General  Coupler  Characteristics 

The  general  conditions  that  lead  to  a loss  in  input  coupling  efficiency  are 
discussed  in  this  section.  Particular  attention  is  given  to  the  importance  of 
phase-matching.  In  addition,  the  far-field  intensity  distribution  for  the  output 
from  a perfect  coupler  is  derived.  By  comparing  this  ideal  distribution  to  measured 
distributions,  we  obtain  additional  indications  that  the  structure  of  this  coupling 
region  is  generally  imperfect  even  when  prism  couplers  are  used  with  the  bonded 
waveguides  and  nearly  optimum  coupling  efficiencies  are  measured. 


Tile  grating  or  prism  coupler  provides  a mechanism  for  the  exchange  of  energy 
between  a free-space  mode  and  a guided  mode  of  the  waveguide . As  discussed  in  pre- 
vious reports,  the  prism  creates  mode  coupling  by  the  process  of  frustrated  total 
internal  reflection  and  the  grating  creates  coupling  by  a complex  diffraction  process. 
Despite  the  differences  in  their  operation,  the  two  couplers  are  very  similar  in 
their  general  characteristics.  This  similarity  is  a consequence  of  the  j.act  that 
both  couplers  perturb  the  guided  modes  of  the  waveguide  structure  to  produce  "leaky" 
waves  that  are  characterized  by  a complex  propagation  constant  with  an  imaginary 
part,  O'  (Ref.  4) . 

The  exchange  of  energy  between  the  two  modes  is  a coupled-mode  process,  with 
the  fraction  of  energy  that  is  transferred  dependent  upon  both  amplitude  matching  and 

phase  matching.  In  the  conventional  coupled-mode  problem  (Ref.  5)>  maximum 
energy  exchange  occurs  when  the  interaction  length  is  approximately  equal  to  some 
characteristic  length  (amplitude  matching)  and  when  the  phase  velocities  of  the 
two  modes  are  equal  (phase  matching).  In  all  cases  of  interest,  phase  matching 
is  the  more  important  constraint.  The  grating  and  prism  equations  are  the  conditions 
for  perfect  phase  matching;  the  form  factor  in  Eq.  (6)  of  Ref.  1 (p.  1?)  expresses 
the  consequences  of  deviations  from  perfect  amplitude  matching. 

Consider,  first,  the  amplitude  matching  condition.  As  illustrated  in  Fig.  3.1? 
the  beam  I is  incident  on  the  coupler  at  the  phase-matched  angle  (9q  fcu’  the  grating 
and  9p  for  the  prism).  It  was  shown  in  Ref.  1 that  for  a uniform  input  beam,  the 
input  coupling  efficiency  T]  is 


71  = f ri  ■'  exp  (-2q'R)]^  (1) 

(xR 

where  f = 1 for  a prism  coupler  (assuming  no  scattering  losses);  f < 1 for  a grating 
coupler  (accounts  for  energy  loss  to  transmitted  beam  T and  to  scattering);  o’  is 
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the  coupling  or  leeJ^y-wave  parameter;  and  2R  is  the  incident  beam  diameter. 
Equation  (l),  which  is  plotted  for  f = 1 in  Fig.  3-2,  varies  linearly  with  cyR  for 
small  cyP  and  has  a broad  maximimi  at  cyR  = O.65.*  When  the  beam  radius  is  adjusted 
so  that  R = 0.65/a,  T]  = 0.8lf.  At  all  other  values  of  R,  '1  •"  0.8lf  and  the  beam 
is  not  properly  phase-matched. 

The  effects  of  deviations  from  perfect  phase  matching  were  analyzed  in  Ref.  1 
(p.  18)  for  a uniform  input  beam.  If  the  input  beam  is  incident  on  the  coupler  at 
an  angle  0q  (or  0p)  = 0q  + A0j  where  0q  satisfies  the  grating  (or  prism)  equation 
and  A6  ^ 0 is  the  error  in  incident  angle,  then  the  incident  beam  is  no  longer 
perfectly  phase-matched.  The  coupling  efficiency  will  be  less  than  its  optimum. 
Using  an  overlap  integral  calculation,  T]  was  shown  in  Ref.  2 to  be 


Ti  = f ^ ( I + -2e“^°'^  cos  2aR)  (2) 

(cyR)2  + (aR)2 

where  a = (2it/x)  (cos  0q)  a6  • It  is  easily  seen  that  'i"]  is  a function  of  the  scaling 
parameter  y"  = n (R  cos  0q/x)a6j  where  a6  is  expressed  in  radians.  This  character- 
istic scaling  was  first  noted  by  Tamir  and  Bertoni  (Ref.  6)  who  performed  a similar 
calculation  of  T]  for  a Gaussian  input  beam.  Equation  (2)  is  plotted  in  Fig.  3.3  as 
a function  of  y"  under  the  assxmiption  that  cyR  = O.65.  For  reference,  the  correspon- 
ding values  of  A9  are  also  shown  for  the  specific  condition  R cos  0q  = 1.55  iran. 

Figure  3.3  shows  that  the  input  coupling  efficiency  is  reduced  to  about  half 
its  peak  value  when  y"  « 0.5.  The  acceptance  half-angle  of  the  generalized  coupler 
is  thus 


ae^  (radians)  ^ ^ „ cos  6o 

for  a uniform  beam.  When  a Gaussian  beam  that  has  a radius  w (l/e  in  amplitude)  is 
incident  on  the  waveguide,  Eq.  (3a)  is  replaced  by  (Ref.  6) 

A0  (radians)  ^ ^ i . (3b) 

TT  W 

Note  that  the  Gaussian  radius  in  the  plane  of  the  waveguide  is  w/cos  0^ . Equation 
(3)  is  used  in  the  next  section  to  calculate  the  effect  on  T]  of  a thickness  taper 
in  the  coupling  region. 


* For  a Gaussian  beam,  the  shape  of  T]  is  slightly  changed.  A maximum  value  of 
0.80  f occurs  at  cyR  = 0.68. 


3.3 


R76-922241-3 


The  total  coupling  efficiency,  , will  be  proportional  to  T|.  Additional 
factors  that  reduce  are  propagation  losses  in  the  waveguide,  partition  of 
energy  into  r^rl^inle  beams  at  the  output' (for  the  grating),  and  losses  due  to 
the  limited  le' gth,  of  the  coupling  region.  The  last  effect  introduces  a factor 
^:'f  ri  - exp(-2a£^)]  as  noted  in  Section  3.4. 

Equations  (l)  and  (2)  are  obtained  by  calculating  the  overlap  between  the 
uniform  input  field  and  a normalized  aperture  field  Eg,  where 

Eg_  = exp  (-ox)  (4) 

and  X is  the  coordinate  that  is  oriented  along  the  waveguide  in  the  direction  of 
beam  propagation.  If  the  coupler  is  used  to  couple  light  out  of  the  waveguide,  then 
the  output  beam  has  the  form  of  Eq.  (4)  immediately  above  the  coupler  (Ref.  l) . 

When  the  coupler  is  uniform,  a is  a constant  and  Eg  is  peaked  at  the  inside  edge  of 
the  grating.  Because  the  output  beam  has  a planar  phase  front,  the  far-field  dis- 
tribution is  symmetric  as  we  now  show. 


Assume  for  simplicity  that  Qq  (or  0p)  = 0.  The  far-field  distribution  E(0),  at 
a distance  z'  from  the  waveguide,  is  proportional  to  the  one-dimensional  Fourier 
transfoim  of  Ea.  If  x'  is  the  coordinate  in  the  far-field  observation  plane  that 
is  parallel  to  the  x-axis,  then  tan  0 = x'/z'*  Since  the  output  field  is  a beam 
with  a low  angular  divergence,  tan  0 w 0 and  the  paraxial  ray  approximation  is  valid. 

E(0)  is  given  by  -ooc  ik0x 

E(0)  = aJ  e e dx  (5) 


where  A is  a complex  constant  that  absorbs  the  phase  terms.  Evaluating  Eq.  (5) 
and  calculating  the  light  intensity  I gives 

P? 

I c;  E(0)  E*(0)  = . (6) 

ck-  + 0“^ 

If  0p  or  (0p)  ^ 0,  then  a linear  phase  terra  equal  to  2rr/l  (sin  0)x  is  introduced  into 
the  integral  in  Eq.  (5).  This  change  has  the  effect  of  rotating  the  observation 
direction  without  changing  the  form  of  Eq.  (6). 

Equation  (6)  shows  that  the  far-field-distribution  of  the  light  coupled  from 
either  a grating  or  a prism  coupler  is  symmetric  with  respect  to  0.  It  can  be  shown 
from  the  general  form  of  the  Fraunhofer  integral,  in  fact,  that  if  a varies  with  x 
along  the  grating,  the  exact  form  of  I will  be  somewhat  changed  but  I will  still 
be  symmetric  with  respect  to  0.  The  symmetry  is  only  destroyed  when  the  aperture 
function  Eg  has  a nonplanar  phase  front.  If  a measurement  of  I indicates  asymmetry. 
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therefore,  the  phase  surface  of  the  aperture  function  is  nonplanar.  As  discuss'd 
larier,  this  effect  can  occur  when  the  waveguide  thickness  in  the  coupling  region 
is  not  uniform.  Asymmetry  in  the  far  field  has  been  observed  even  with  the  bonded 
waveguides  and  prism  couplers  used  in  our  most  recent  work  (see  Figs.  7 and  8 in 
Ref.  2). 

3.2.2  Waveguide  Thickness  Variations 


As  the  waveguide  thickness,  t^^,  in  the  coupling  region  varies,  three  effects 
occur.  First,  the  coupling  angle  changes;  second,  the  strength  of  the  coupling 
changes;  third,  for  the  grating,  the  value  of  f in  Eqs.  (l)  and  (2)  changes.  Each 
of  these  effects  and  their  impact  on  coupling  efficiency  are  considered  in  this 
section. 

Coupling  angle  changes  are  the  result  of  changes  in  the  waveguide  effective 
index-of-refraction,  n^^^  = 3/k.  If  t^  varies  in  the  coupling  region,  then  neff  also 
varies  spatially.  The  coupling  angle  (a6  = O)  is  related  to  ngff  by  either  the 
relationship 


9q  = arc  sin(x/A  - Hgff)  (7a) 

or  the  prism  coupler  equation 

0p  = ? + arc  sin  [n^  sin  [arc  sin  (-— --  - ^)]}  (7b) 

where  A is  the  grating  periodicity;  Up  is  the  prism  index-of-refraction;  and  the 
prism  entrance  face  is  assumed  to  be  inclined  at  an  angle  of  n/4  relative  to  the 
plane  of  the  waveguide.  From  these  relationshius , it  is  apparent  that  spatial 
variations  in  t^  lead  to  spatial  variations  in  the  coupling  angle. 

The  relationship  between  and  waveguide  thickness  was  derived  in  Ref.  1 using 
both  the  unperturbed  waveguide  dispersion  relationships  to  obtain  neff  and  Eq.  (7a) 
with  x/a  = 3.855  to  obtain  0q.  Figure  6 of  Ref.  1,  which  is  reproduced  here  as 
Fig.  3.4,  shows  the  result  of  that  calculation.  Similar  results  are  obtained  for 
0p.  It  is  seen  that  the  variation  of  0q  with  t^  is  strongly  mode-dependent. 

As  discussed  in  Ref.  1,  thickness  variations  in  the  coupling  regions  cause  the 
input  coupling  efficiency  to  decrease  for  the  following  reasons:  when  thickness 

variations  exist,  the  coupling  angle  varies  across  the  irradiated  region  of  the 
coupler.  Since  the  input  beam  is  generally  incident  at  a single  angle  (planar 
phase  front)  there  will  be  an  angular  error  a0  that  ■''■aries  spatially  across  the 
beam.  To  a good  approximation,  the  regions  where  a9  exceeds  the  value  given  by 
Eq.  (3)j  there  is  no  coupling.  A linear  taper  can  thus  cause  a significant  degra- 
dation in  the  coupling  efficiency.  This  degradation  can  be  especially  serious  for 
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the  higher-order  modes,  because  as  indicated  by  Fig.  3.4,  the  sensitivity  of 
coupling  angle  to  t^  increases  rapidly  with  mode-number. 


I Figure  3.5  fhows  how  the  coupling  efficiency  drops  for  the  IE4  mocu;  with 

I;  increasing  thickness  taper.  This  calculation,  which  was  obtained  by  Peng  and  Tarair 

I in  Ref.  3,  uses  parameters  that  are  appropriate  to  the  grating  couplers  studied  in 

I Ref*  f*  The  efficiency  in  Fig.  3.5  must  be  multipled  by  the  factor  f as  in  Eq.  (l) 

/ in  order  to  determine  the  actual  coupling  efficiency.  The  TE4  mode  was  chosen  for 

evaluation,  because  calculations  indicated  that  it  was  aperture-matched  for  a 1 mn 
ir  input  Gaussian  beam. 


Tne  most  striking  feature  of  the  curve  in  Fig.  3.5  is  that  modest  thickness 
tapers  cause  significant  reductions  in  coupling  efficiency.  As  discussed  later, 
experimentally  observed  thickness  variations  are  generally  O.5  to  1.0  u,/ram  in  out 
best  free-standing  waveguides  so  that  the  TE4  mode  cannot  be  efficiently  excited 
in  them.  The  loss  in  efficiency  caused  by  a given  tai ar  is  less  for  the  modes  of 
order  lower  than  4.  As  discussed  below,  however,  the  lowest  order  modes  cannot  be 
experimentally  aperture -matched  when  a grating  is  used.  In  such  cases,  the  input 
efficiency  will  be  less  than  O.80  f at  zero  taper. 

Thickness  variations  change  the  value  of  a.  For  a prism  coupler,  a closed  form 
expression  for  a can  be  found.  This  relationship  can  be  found  on  p.  2-9  of  Ref.  2. 

For  the  grating  coupler  o'  must  be  calculated  numerically.  Although  several  groups 
have  calculated  a using  perturbation  models,  the  Polytechnic  Group  (Ref.  7)  has 
developed  both  the  most  accurate  perturbati.on  model  and  the  only  r"'  gorous  theory 
for  grating  couplers . 

Calculations  of  o'  have  been  conducted  both  for  the  prism  coupler  assuming  a gap 
spacing  of  0.1  (a  value  that  was  inferred  from  measurements  reported  in  Ref.  2, 
p.  2-10)  and  for  the  grating  coupler  using  the  Polytechnic  pertiurbation  model.  Figures 
3.6  and  3.7  siimmarize  the  results.  Several  important  features  are  apparent  from 
these  results.  These  features  include: 


(1)  For  the  prism,  o'  decreases  monotomically  with  tQ  but  increases  with  mode 
mmiber 

(2)  For  the  grating,  the  same  average  trends  are  observed  but  a strong 
oscillation  is  sunerimposed  on  a.  Inis  oscillation,  which  is  the  result 
of  interferences  between  reflections  from  the  two  waveguide  boundaries, 
is  especially  pronounced  because  of  the  large  index  difference  between 
the  waveguide  and  the  air.  Variations  in  a for  the  grating  by  a factor 
of  about  3 are  predicted  for  thickness  variations  as  small  as  0.3 

(3)  a for  the  prism  is  typically  more  than  an  order-of-magnitude  larger 
than  O'  for  the  grating  fcr  the  same  t^  and  mode  number.  For  the  TEj_ 

mode  and  t^  = 25  p,,  for  example,  o'(prism)  ^ 0,8  x 10■3^i■l  and  o'( grating)  s 
3 X io-5^-l. 
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Beca'jse  a varies  with  tg,  the  coupling  efficiency  T]  niay  he  measurably  altered 
by  thickness  variations.  Both  the  magnitude  and  the  sign  of  the  effect  depend  on 
the  details  of  the  thickness  variations..  If  the  thickness  variations  are  such  that 
a is  less  at  the  inside  edge  of  the  coupler,  for  example,  then  the  peak  of  the 
apertuxe  function,  Eg^,  will  te  shifted  towards  the  center  of  the  coupler.  In  such 
a case,  Eg  will  have  a closer  match  with  the  actual  input  beam  distribution,  and 
T|  will  increase.  If  a is  greater  on  the  inside  edge  of  the  coupler,  on  the  other 
hand,  T]  will  decrease.  In  general,  the  effects  of  spatial  variations  in  a on  the 
coupling  process  will  be  much  less  important  than  the  effects  of  spatial  variations 
in  the  coupling  angle.  This  last  fact,  which  can  be  demonstrated  quantitatively 
with  an  overlap  integral  calculation,  is  a direct  consequence  of  the  relative 
insensitivity  of  coupled-mode  processes  to  amplitude  matching. 


The  magnitudes  of  a predicted  by  theory  are  much  more  important  to  the  present 
couplijig  problem  than  the  detailed  variation  of  cn  with  tQ.  As  ai.ready  noted, 
optimum  coupling  occurs  when  aR  = O.65  for  a uniform  beam.  Using  the  calcule,ted 
value  of  ex  cited  above,  we  find  that  for  TEq  the  optimum  input  beam  diameters  (pro- 
jected into  the  plane  parallel  to  the  waveguide)  are  about  1.6  mm  for  the  prism 
and  43  mm  for  the  grating.  It  is  clear  that  aperture-matching  can  be  achieved 
with  the  prism  coupler,  but  that  aperture  matching  is  not  practical  with  the 
grating.  In  fact,  input  beam  diameters  greater  than  about  2.5  are  impractical 
with  the  available  waveguides,  because  thickness  variations  due  to  rounding  at  the 
waveguide  edges  become  severe  over  such  distances . 

A third  consequence  of  thickness  variations  is  that  the  factor  f in  Eqs.  (l) 

and  (2)  will  vary  across  the  grating  coupler.  (Recall  f = 1 for  a prism,  because 

there  is  no  transmitted  beam  at  the  input.)  This  effect  does  not  seriously  degrade 
the  coupling  efficiency,  but  it  can  significantly  change  the  intensity  distribution 
observed  when  the  coupler  is  used  to  couple  light  out  of  the  waveguide. 

Peng  and  Tamir  (Ref.  3)  have  calculated  f for  an  output  grating.  In  the 

special  case  of  ideal  aperture-matching  and  no  scattering,  their  calculated  function 
and  f in  Eq.  (l)  are  the  same.  This  calculation,  which  is  based  on  a perturbation 
analysis,  predicts  that  f will  depend  strongly  on  t^  as  shown  in  Fig.  3»8»  If 
thickness  tapers  of  the  order  of  ly,/mra  are  present,  the  large  oscillations  in 
f shown  in  Fig.  3-8  will  cause  the  output  intensity  distribution  observed  just 
above  the  output  grating  to  depart  from  the  ideal  exponential  fonii.  Such  departure 
from  the  ideal  form  is,  in  fact,  frequently  observed  with  our  grating  couplers, 
as  noted  in  the  next  section. 
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3.3  Experimental  Results 

The  experimental  techniques  and  representative  data  on  both  prism  and  grating 
couplers  are  described  in  Refs.  1 and  2.  In  this  section  we  summarize  the  important 
aspects  of  bhe  data. 

Table  3*1  summarizes  the  performance  characteristics  of  a free-standing 
waveguide  (sample  B-8)  with  grating  couplers.  These  data,  which  were  taken  from 
Ref.  1 (p.  28),  indicate  (l)  low  total  coupling  efficiencies,  (2)  low  input  coupling 
efficiency  for  TE2}  and  (3)  significant  discrepancies  between  those  incident  beam 
diameters  (projected  into  the  waveguide  plane)  that  gave  maximum  coupling  efficiencies 
and  the  diameters  calculated  assuming  aperture-matching.  In  addition,  the  near- 
field and  far- field  intensity  distributions  of  the  output  beams  usually  did  not 
resemble  the  characteristic  distributions  expected  for  an  ideal  coupler.  Figure  3.95 
for  example,  illustrates  the  shape  of  the  beam  coupled  from  the  TE2  mode  at  sample 
B-8  as  measured  approximately  400  p,  from  the  grating  surface.  In  this  region  the 
output  from  a perfect  uniform  coupler  will  approximately  match  an  exponential 
function  with  a slightly  rounded  leading  edge.  In  the  far-field,  the  measured 
beams  did  not  have  the  symmetric  shape  characteristics  of  the  output  of  an  ideal 
coupler.  In  general,  therefore,  the  performance  of  the  grating  couplers  did  not 
correlate  with  the  predicted  performance  of  uniform  grating  structures. 

In  contrast,  the  performance  of  the  prism  couplers  indicated  reasonable 
correlation  with  the  theory  of  uniform  structures.  For  example,  an  input  coupling 
efficiency  of  72  percent  was  observed  with  a prism  coupler  when  a Gaussian  beam 
having  a 1 mm  diameter  (l/e^  - intensity  points)  was  used  at  the  input.  For  this 
waveguide,  both  the  coupling  efficiercy  and  ohe  optimum  beam  diameter  were  within 
about  10  percent  and  30  percent,  respectively,  of  theoretical  values.  The  coupling 
efficiencies  measured  for  the  other  modes  and  with  other  prism/waveguide  combina- 
tions, though  less  than  the  best-case  value  cited  here,  were  always  much  closer  to 
theoretical  predictions  than  were  efficiencies  measured  for  grating  couplers.  In 
general,  the  coupling  efficiencies  and  optimum  input  beam  diameters  for  the  prism 
couplers  used  with  both  the  freestanding  and  the  bonded  waveguides  were  in  reasonable 
agreement  with  the  theory. 

Other  data  taken  with  prism  couplers,  however,  indicated  that  structural 
imperfections  in  the  coupling  region  were  present  with  both  the  freestanding  and 
the  bonded  waveguides  even  though,  in  the  best  cases,  these  imperfections  appeared 
to  have  little  effect  on  the  coupler  performance.  As  discussed  in  Ref.  2,  for 
example,  the  output  beams  were  typically  steered  in  the  plane  of  the  waveg^de  and 
the  far-field  intensity  distributions  of  the  output  beams  were  generally  somewhat 
asymmetric  (see  pp.  2-l6  and  2-17  in  Ref.  2).  The  beam  steering  was  interpreted 
in  Ref.  1 to  be  the  consequence  of  waveguide  thickness  tapers  transverse  to 
the  propagation  direction,  and  the  asymmetry  in  the  far-field  was  interpreted 
in  Section  3.2.2  of  this  report  to  be  the  consequence  of  thickness  variations 
in  the  coupling  region.  Nevertheless  performance  of  the  prism  coupler  was  not 
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TABLE  3.1 

Performance  of  a Free-Standing  Waveguide  With  Grating  Couplers 

(Sample  3-8) 


Grating  periodicity, 

ii 

2.75 

Groove  depth , p 

2.0 

Waveguide 

thickness, 

24 

Propagation  path,  cm 

1.3 

Thickness 

taper,  p/mm 

transverse 

0.6  ± 0.2 

longitudinal 

0.5  ± 0.2 

^^opt ’ 

mm 

Coupling  Angle 

Mode  \otal’ 

Experimental 

Theoretical 

35.6 

TEq 

0.3 

2=3.0 

124 

37.8 

TE^ 

2.4 

2.5 

31.3 

40.2 

TE2 

4.6* 

2.0  to  2.5 

14.4 

43.8 

TE3 

4.3 

1.4  to  2.1 

8.4 

48,8 

TE4 

2.1 

SI. 4 

5.2 

* The  input  coupling  efficiency,  as  determined  by  a dip  in  the  sm  of 
the  transmitted  and  reflected  beams,  was  12  percent  for  this  mode. 
Input  beam  was  nearly  uniform. 
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severely  limited  by  imperfections  of  waveguide.  Direct  comparisons  between  a 
grating  coupler  andaprism  coupler  on  a single  waveguide  (Ref.  2,  pp.  2-2)  which 
indicated  superior  performance  by  the  prism,  support  this  conclusion. 

Poor  performance  of  gratings  was  not  caused  by  the  quality  of  grooves  of  the 
gratings.  To  verify  this,  each  grating  was  subjected  to  careful  -visual 
inspection  under  an  optical  microscope.  In  some  cases,  electron  microscope  photo- 
graphs were  made  of  the  gratings  in  profile.  It  was  found  that,  except  for  isolated 
defects,  the  gratings  were  remarkably  uniform.  In  addition,  x-ray  diffraction  tests 
conducted  for  us  by  IBM  indicated  that  the  grating  regions  were  effectively  strain- 
free.  The  only  important  structural  defect  that  was  always  present  in  the  coupling 
regions  were  waveguide  thickness  variations.  Microscopic  inspection  of  cleaved 
samples  indicated  that  average  thickness  tapers  of  about  0.5  ^i/mm  were  present  in 
the  best  free-standing  waveg\xide  structures,  and  tapers  of  more  than  2 (j,/mm  were 
present  in  the  worst  samples  tested.  Best  grating  coupler  performance  was  always 
obtained  with  the  most  uniform  waveguides. 

The  available  data  thus  indicate  that  for  the  over-moded  waveguides  used  in 
the  thin-fi:m  modulator,  the  prism  coupler  is  preferred.  The  relatively  poor  per- 
formance of  the  grating  coupler  is  shown  in  the  next  section  to  be  related  to  the 
inherently  weak  coupling  characteristic  of  the  grating  1 3r  our  waveguide  structures . 


3,4  Discussion  and  Conclusions 

It  is  now  clear  that  waveguide  thickness  variations  alone  can  account  for  the 
poor  performance  of  the  grating  structures.  Although  such  variations  were  generally 
also  present  in  the  prism  coupler  exneriments,  the  analysis  discussed  in  Section 
3.2  provides,  as  we  now  show,  a natural  explanation  for  the  superior  performance 
of  the  prism  coupler  with  our  thin-s  lab  waveguide  structures. 

Significant  -variations  of  t^  within  the  input  coupling  region  cause  the 
coupling  efficiency  to  decrease,  because  thickness  variations  prevent  the  input  beam, 
which  typically  has  planar  phase  surfaces,  from  being  properly  phase-matched  across 
the  entire  beam  cross-section.  In  effect,  the  li^t  rays  enter  the  coupler  as  a 
collimated  bundle  at  a single  angle  with  respect  to  the  waveguide  normal.  Thickness 
variations  cause  the  coupling  angle  of  the  gratir  ^ary  spatially,  however,  and 

when  the  incident  ray  angle  deviates  too  far  fr  ■.  oupling  angle  appropriate 
to  a particular  region  of  the  coupler,  then  no  ;lf  _1  be  coupled  into  the  wave- 
guide throu^  that  region.  If  the  beam  diameter  Ucd  to  aperture-match  exceeds 
the  spatial  extent,  X^,  of  this  acceptably  flat  region,  then  the  beam  cannot  be 
aperture-matched.  In  this  case,  the  coupling  efficiency  will  be  lower  than  peak 
theoretical  -values,  and  the  beam  diameter  that  leads  to  maximum  coupling  will  be 
nearly  X^.  insteady  of  1.3/q'  as  predicted  by  the  theory  of  uniform  couplers. 
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• n -3  C3  ? tVip  effect  of  waveg’ixde  thickness  variations  on 

As  discussed  in  Section  3»2«2  +.-u  4-  y tr-iii  hp  Tnode-dependent* 

is  Strongly  mode-dependent  so  that  Xf  will  he  mode  aepenu.i 

the  coupling  efficiency  is  strong  y mir -fractures  almost  as  a hulk  wave 

The  TEq  mode,  for  example,  which  propaga  ^ consequence,  Xf  (TEq) 

(cf.  Fig.  3.4),  is  little  affected  by  variations  in  Jg*  a co  q , 

.e  relatively  large.  For  ^;,^;/Lie?l;rganerall^^^^  tMa 

the  coupler  size.  Val^s  ^ ^.^tehed  beam  diameters  so  that  the  beam 
both  the  coupler  size  and  the  p ^^ncv  fsee  Table  3.1)  were  measures 

diameters  that  produced  the  highest  coupling  efficiency  (see  Table  5.  ; 

of  Xf. 

1 y c'  1 3/0?  for  the  grating  coupler  so  that  thickness 

variaSoS“4tgly  a4e4ed  ^/e  grating  -1—0  ^^The^pris^^^^  i^e-tly^ 

stronger  coupler,  however,  and  generally  Xp  matched  with  the  lower-order 

a consequence,  the  input  beam  could  " Jrtion , the  prism 

modes  and  near-optimum  input  efficiencies  o ai  i . stronger  coupler  than  the 

coupler  Is  the  preferred  choice  primarily  because  it  is  a stronger 

grating. 

A Simple  calculation  illustrates  how  the  limits  imposed  hy  cou^er  unifomity 
and  coupler  size  prevented  good  grating  performance.  Consider  the  TEs  mo  e 
Tli  Zu  For  tLs  mode,  the  measured  cptim™.  =-'o.”’tro.U 

the  theoretical  diameter  for  ' VtorEq.  U ,’the  calculated 

for  this  mode  instead  36\e4e4  of  the  incident 

input  efficiency  is  T\  0.3  • ♦ i^cf^ent  energy  was  lost  to  scattering 

™'"ttot’T-*'r^”an?^  To. 16  to”!!?.  This  efficiency  compares  reasonably  weU 
to  St  mtaturid  value  of  0.12  i 0.03.  The  total  coupling  effioieney  for  this 

mode  should  have  been 


Tltje  " ^ 


(8) 


.. ..  „ ..,u,  ” 

San  • m i.":™.!."  ...... ... . " “ 

til  4°  « 1)  - rarrprf^ftttee^t!  1ht‘fow 

and  the  experimentally  qow  values  of  q produced  by 

coupling  efflclenoies  were  thus  f ® „ „,,q„es  were  small,  aperture 

ratcS^^:?  r l^Tof/ot-r^d  tL  gratis  output  coupler  was  not  long 
enough  to  couple  all  of  the  guided  li#it  out  of  the  wavegui  . 


* This  is  a theoreTical  value.  The  true  value 
because  of  experimental  difficulties. 


could  not  he  accurately  determined 
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Substantially  higher  coupling  efficiencies  could  be  obtained  by  thinning 
the  waveguide  to  increase  a.  Calculations  by  Peng  and  Tamir  indicate,  for  example, 
that  the  TEn  mode  could  be  aperture-matched  with  a 2 mm  input  beam  if  the  waveguide 
thickness  were  tapered  to  8.1  p,  in  the  coupling  regions  with  2 p,  grating  grooves 
etched  into  the  waveguide.  In  this  arrangement,  the  output  grating  would  couple 
virtually  all  the  light  out  of  the  waveguide  and  would  be  ffo(0.8l)  - 0.28. 
Fui'ther  increases  in  T]  could  be  achieved,  in  principle,  by  increasing  f and  fo  _ 
by  either  blazing  the  grooves  (Ref.  7)  or  carefully  controlling  the  waveguide  thick- 
ness to  influence  the  partition  of  energy  as  in  Fig.  3-8. 

Improvements  in  grating  performance  are  possible  by  further  advancing  waveguide 
fabrication  techniques.  At  this  time,  however,  it  does  not  appear  that  the  grating 
will  be  useful  with  the  thin-slab  modulator. 


The  theoretical  analysis  developed  in  Se-ction  3.2  offers  an  explanation  for^ 
the  poor  coupling  efficiencies  of  the  grating  couplers.  This  analysis  also  provides 
qualitative  explanatior.s  for  the  nonideal  output  beam  distributions  observed  with 
both  the  prism  and  grating  coupler.  Thickness  variations  in  the  output  coupler 
cause  near-field  phase  distortions  in  the  output  beam  (changes  in  ray  angle;.  These 
distortions  were  transformed  in  the  far-field  to  asymmetries  in  the  intensity  dis- 
tributions. For  the  case  of  the  grating  coupler,  the  near-field  amplitude  distribu- 
tion was  also  affected,  because  the  partition  of  energy  between  the  upper  and  lower 
outcoupled  beams  is  a sensitive  function  of  t(,.  Quantitative  comparisons  between 
experimental  and  theoretical  intensity  distributions  cannot  be  made  because  a 
detailed  mapping  of  the  spatial  variations  in  tg  was  not  possible  with  available 

techniques . 

It  is  thus  seen  that  for  the  thin-slab  waveguide  structures,  the  prism  is  the 
preferred  coupler  both  because  energy  losses  to  extra  beams  are  eliminated  and 
because  the  prism  is  an  inherently  stronger  coupler.  Strong  coupling  permits  the 
excitation  of  the  lower-order  modes  with  small-diameter  inout  beams  and  thereby 
largely  circumvents  the  deleterious  effects  of  waveguide  thickness  variations. 

The  grating  coupler  is  only  useful  for  asymmetric  waveguides  that  are  sing.e-mode 
or  nearly  single-mode. 

The  present  study  has  provided  a meaningful  interpretation  of  the  data 
accumulated  on  the  grating  coupler.  It  has,  in  addition,  provided  the  first  study 
of  the  effects  of  imperfections  on  the  performance  of  integrated  optics  structures. 
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4.0  WAVEGUIDE  FABRICATION  TECHNIQUES 


4.1  Introduction 

Previous  studies  (Refs.  1,2)  indicate  that  broadband  matching  of  microwave 
power  into  a GaAs  thin-slab  waveguide  can  be  more  efficiently  and  reproducibly 
achieved  if  the  top  and  the  bottom  copper  electrodes  with  a thickness  greater  than 
10  microns  were  deposited  onto  the  surfaces  of  the  waveguide.  To  maintain  the 
integrity  of  the  waveguide  it  is  necessary  to  bond  the  metal-cladded  thin  dielec- 
tric slab  to  a flat  copper  block.  Previously  we  found  (Ref.  3)  that  optical  trans- 
mission through  these  waveguides  by  using  prisms  as  couplers  is  about  ten-times  that 
of  grating  couplers . A bonded  waveguide  should  provide  the  structural  strength  that 
permits  the  use  of  a pair  of  press-doi^m  prisms  as  the  input  and  the  output  couplers. 
Such  a structure  not  only  provides  the  necessary  strength  and  rigidity  but  also 
improves  the  power-handling  capability.  With  proper  bonding  and  heat-sinking  tech- 
niques, we  have  demonstrated  that  these  GaAs  thin-slab  waveguides  (~  2^  p,m  thick) 
can  handle  a combined  optical  and  microwave  power  wliich  exceeds  100  watts. 

Techniques  have  been  developed  to  produce  routinely  the  bonded  GaAs  metal- 
cladded  thin-slab  waveguides  with  the  specifications  listed  in  Table  I.  In  the  fol- 
lowing sections,  procedures  for  processing  and  fabrication  of  high  power  infrared 
waveguides  ard  raicrostrip  transmission  lines  are  detailed. 


Table  I - Infrared  Waveguide  Specifications 


Thickness 

Length 

Surface  Finish 
Microstrip  Electrode 
Bonding  Layer 


25  M'm  ± 1 pm 
>4  cm 

Mirror -like 

Immx  2.8  cm  (10  ijm  thick) 
^ 2 urn 


Copper  Block 


Optical  flat  and  parallel  to  2 sec 
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4.2  Waveguide  Fabrication  Processes 

Figure  4.1  depicts  the  infrared  waveguide  struatui’e.  The  optical  polishing 
fixture  with  precision  angular  adjustments,  as  shwon  in  Fig.  4.1,  is  a very  important 
tool  during  the  initial  portion  of  fabrication  process.  Carefully  selected  and  elec- 
trical characterized  high  resistivity  Cr-doped  GaAs  ingots  in  large  size  are  sliced 
into  thin  wafers  at  the  orientation  (lOO)  plane.  The  thickness  of  these  saw-cut 
wafers  is  typically  at  15  mils.  The  typical  wafer  size  is  large  enough  to  yield 
3 (l  cm  X 4.5  cm)  rectangular  waveguides.  A typical  bonded  GaAs  thin  slab  wave- 
guide, mounted  in  a laboratory  jig,  is  shown  in  Fig.  4.2.  The  structure  is  resting 
on  two  sliding  wedges  which  are  used  to  cont-,  1 the  air-gap  for  prism  couplers, 
when  the  top  of  the  two  prisms  is  pressed  against  a cover  plate. 

The  first  step  in  the  fabrication  procedure  is  to  lap  and  polish  one  face  of  a 
.015"  thick  GaAs  wafer.  This  is  accomplished  by  waxing  the  wafer  to  a flat  stainless 
steel  block,  which  in  turn  is  fastened  to  a polishing  jig  as  shown  in  Fig.  4.3.  This 
precision  polishing  jig  was  developed  by  Bennet  and  Wilson,  Ref.  4.  It  consists  of 
an  outer  holder  into  which  a hardened  steel  sleeve  has  been  pressed.  Also  attached 
to  the  holder  are  three  steel  legs,  the  ends  of  which  are  hardened,  and  ride  on  the 
surface  of  the  lapping  plate.  A piston  runs  inside  the  steel  sleeve  with  a lapped 
sliding  fit.  Angular  adjustments  are  provided  for  fine  corrections  of  the  orienta- 
tion of  the  copper  block  and  GaAs  wafer  with  respect  to  the  lapping  surface  at 
various  stages  of  the  lapping  process. 

Parallelism  between  wafer  surfaces  is  the  most  crucial  and  difficult  parameter 
to  control  during  the  fabrication  process.  A relatively  inexpensive  but  very  reli- 
able system,  as  shown  in  Fig.  4.4,  has  been  devised  to  provide  accurate  measurement 
of  thickness  variation  over  a large  surface  area  without  physical  contact  of  the 
sample.  The  main  part  of  this  system  is  a noncontacting  air  gauge  head,  a Hoverprobe 
manufactured  by  Ames-Mercer  and  an  electronic  readout  with  a 3 P-m  full  scale  in  0.05 
pm  divisions . The  Hoverprobe  is  mounted  on  a steel  shaft  which  is  attached  to  an 
X-Y  table  with  provisions  for  angular  tilt  adjustment.  The  optical  polishing  jig 
to  which  is  fastened  either  the  waxed  down  GaAs  wafer  on  a flat  steel  block,  or 
the  bonded  waveguide  to  a flat  copper  block,  vrfiich  is  then  placed  on  this  X-Y  table, 
as  shown  in  Fig.  4.4. 

The  surface  of  either  the  flat  steel  block  or  the  flat  copper  block  ca:;  then  be 
aligned  in  parallel  with  the  three  hardened  steel  legs  on  the  polishing  jig  \rith  the 
help  of  the  Hoverprobe.  Initially,  the  Hoverprobe  is  referenced  to  a zero  center 
scale  reading  on  one  of  the  hardened  steel  legs.  Subsequently,  the  two  other  hardened 
steel  legs  are  brought  under  the  Hoverprobe.  By  adjusting  the  appropriate  micrometer 
head  on  the  tilt  table  these  legs  can  be  adjusted  to  yield  the  zero  reference.  In 
this  way  all  three  legs  are  made  parallel  to  the  Hoverprobe.  The  Hoverprobe  is  then 
placed  above  the  surface  of  either  tne  flat  steel  or  flat  copper  block.  By  the  same 
technique,  one  can  adjust  the  block  surface  parallel  to  the  hardened  steel  legs. 
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With  these  preliminary  alignment  procedures,  the  initial  lapping  of  GaAs  sample 
is  performed  by  removing  about  5 mils  thick  of  material.  This  is  done  by  using  3 
platelet  alumina  on  a glass  plate  which  is  fitted  to  an  eccentric  type  lapping  and 
polishing  machine,  manufactured  by  GeoScience  Corp.  The  GaAs  wafer  is  polished  by 
using  a Politex  Supreme  pad,  saturated  with  a solution  of  100  ml  distilled  water  to 
6 ml  of  6^  sodium  hypochlorite.  A mirror-like  finish  is  obtained  when  approximately 
10  pm  of  GaAs  is  removed. 

The  wafer  is  further  thinned  by  using  ion  beam  milling  machining  (A  Vecco  Micro- 
tech System)  and  coated  with  a thin  layer  of  a copper  film.  Prior  to  ion  beam  machin- 
ing, the  wafer  is  removed  from  the  steel  block  and  cleaved  into  4.5  cm  x 1.0  cm  wave- 
guide strips.  These  strips  are  attached  to  a copper  block  with  Apeizon  type  vacuum 
grease  with  the  polished  side  up.  The  copper  block  containing  the  waveguide  section 
is  mounted  on  a rotating  substrate  holder  oriented  at  an  angle  normal  to  a collimated 
beam  of  Ar+  ions.  The  polished  siirface  of  the  GaAs  is  ion  milled  at  a current  density 
of  1.0  mA./cm^ . The  rate  of  removal  is  8 pm/hour.  Ion  milling  proceeds  until  25  pm 
of  material  is  removed.  A thin  layer  of  1 pm  copper  film  is  subsequently  deposited 
onto  the  sirrface  of  the  GaAs  wafer  by  reorienting  the  substrate  holder  in  a position 
which  is  in  a direct  view  of  a water-cooled  copper  target. 

This  copper  coated  wafer  is  removed  from  the  Microetch  system  and  electroplated 
in  a Sel  Rex  electroplating  both  (Cubath  l)  at  a current  density  of  30  mA/cm  , until 
a copper  film  with  a thickness  of  10  pm  is  obtained.  This  forms  the  ground  plane  of 
the  waveguide  modulator,  which  is  bonded  to  an  optically  polished  copper  block  with 
Stycast  1217  resin,  manufactiired  by  Emerson  & Cuming  Inc.  This  low  viscosity  resin 
allows  formation  of  a thin  bonding  layer  of  the  order  of  2 pm  thick.  Both  the  thick- 
ness and  thickness  uniformity  depend  critically  on  a counterweight  system.  It  consists 
of  an  optically  polished  steel  base,  to  which  a piston  ring  is  attached.  A carefully 
machined  cylindrical  weight  is  free  to  slide  in  this  ring.  On  the  bottom  of  the 
weight  an  optically  polished  rectangular  steel  pad  4.25  cm  long  x 0.8  cm  wide,  is 
attached.  With  only  a few  drops  of  properly  prepared  Stycast  1217  resin  applied 
to  the  ground  plane,  a strong  and  uniform  bonding  layer  will  form  at  a curing  tem- 
perature of  160°F  by  keeping  the  wafer  under  the  weighted  rectangular  pad  over  a 
period  of  one  hoirr. 

The  bonded  wafer  is  again  mounted  in  the  polishing  jig  with  the  alignment  pro- 
cedure of  the  copper  block  face  with  respect  to  the  3 steel  legs  as  previously 
described.  At  this  point  the  thickness  of  the  GaAs  wafer  is  about  8 mils . The 
waveguide  is  then  lapped  until  approximately  2 mils  of  GaAs  is  removed.  The  sur- 
face is  then  chemo-mechani..ally  polished  to  a mirror-like  finish.  During  the 
processing,  the  thickness  of  the  GaAs  waveguide  is  measured  at  several  points 
along  the  4.5  cm  length  with  a Perkin-Elmer  Model  621  IR  Spectrophotometer  in  the 
reflectance  mode.  The  thickness  variations  determined  by  the  IR  spectrophotometer 
gives  an  indication  of  the  wedging  in  the  GaAs  wafer  only.  With  above  described 
thinned  process  wedging  is  routinely  found  to  be  less  than  2 pm  along  the  4.5  cm 
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length  of  the  .0055"  thick  waveguide.  The  IR  spec  rophotometric  measurements  can 
also  be  compared  with  the  Hoverprobe  measurements.  In  general,  very  good  agreement 
exists  between  these  two  independent  measurements,  which  implies  that  the  copper 
ground  plane  and  bonding  medim  are  essentLalry  wedgefree.  If  any  wedging  does 
exist  at  this  point  it  can  be  compensated  by  using  the  angular  adjustments  which  are 
incorporated  in  the  polishing  fixture.  The  wafer  is  then  lapped  to  a 2.4  mils  thick' 
ness,  at  which  a chemo-mechanical  polish  is  performed.  Spectrophotometer  scans  are 
taken  again  of  the  GaAs  thickness  prior  to  the  final  ion  beam  thinning. 

The  final  ion-beain  thinning  processing  is  then  carried  out.  In  this  process 
special  precautinn  must  be  taken  to  maintain  the  substrate  at  a low  temperature 
< 50° C.  It  has  been  found  that  the  difference  in  thermal  expansion  between  GaAs 
and  the  copper  ground  plane  can  cause  cleavage  in  GaAs  wafers  if  the  temperature  of 
the  substrate  is  not  controlled.  A water  cooling  fixture  wrs  installed  into  the^ 
Vecco  Microetch  System.  It  was  designed  specially  for  the  rotating  holder  to  main- 
tain a low  temperature  (<  50° C)  under  ion-bombardment  over  extended  periods  of  time. 
For  the  final  thinning  process  of  bonded  waveguides,  a current  density  of  .8  mA/cm 
is  used  with  the  rotating  fixture  oriented  at  an  angle  of  45°  with  respect  to  the 
ion  beam.  Under  these  conditions  the  removal  rate  is  8 ^m/hr.  Ion  beam  thinning^ 
is  terminated  when  the  GaAs  reaches  a thickness  of  25  pm.  This  completes  the  basic 
fabrication  process  of  the  bonded-down  infrared  waveguides. 


4.3  Microstrip  Electrode  Fabrication  Processes. 

To  make  a microwave  modulator  a microstrip  electrode  must  be  applied  to  the  top 
surface.  Figure  4.5  illustrates  the  steps  taken  to  form  a microstrip  electrode  on 
the  surface  of  the  bonded  thin-sl'.b  GaAs  waveguide.  The  waveguide  is  first  spin- 
coated  wit„  Shipley  AX1350B  as  shown  in  Fig.  4.5a.  The  photoresist  is  then  exposed 
and  '>veloped,  and  a 1 pm  of  copper  film  is  subsequently  ion-plated  onto  the  GaAs 
wafer  surface  in  steps  as  shown  in  Fig.  4.5b  and  c.  An  overcoat  of  resist  is  then 
applied  over  the  thin  copper  film  and  the  stripline  image  exposed  and  developed  out 
of  the  resist  in  steps  as  shown  in  Fig.  4.5d  and  e.  The  stripline  image  is  then 
electroplated  to  a thickness  of  11  pm  in  the  copper  electroplating  bath  (Fig.  4.5f)- 
After  removing  the  resist,  the  thin  copper  film  ( 1 pm)  is  etched  away  in  ferric 
chloride  solution.  The  fabrication  of  a microwave  waveguide  modulator  is  completed 
after  removing  the  last  coat  of  resist,  as  shown  in  Fig.  4.5g- 

A two  dimensional  channel  waveguide  can  be  produced  by  ion  milling  a bonded 
GaAs  waveguide  modulator  around  the  edges  of  the  microstrip  electrode.  To  form  the 
channel,  the  waveguide  is  first  photoresisted  ( spin- coated ) , and  then  a pattern  is 
exposed  and  developed  as  shown  in  Fig.  4.6a.  The  photoresist  pattern  is  then  ion- 
plated  with  6000  X of  titanium.  The  titanium  plated  photoresist  is  then  lifted  off 
in  the  acetone  to  yield  the  pattern  as  shown  in  Fig.4.bb.  A 4 pm  deep  channeling  is 
formed  by  ion  milling  of  the  waveguide  at  a current  density  of  .8  mA/cm2  for  30  min 
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4-hp  ion  beam.  Titanium  was  chosen  as  a milling  mask 
at  an  orientation  normal  t oQTv=>r'+  to  GaAs  (lO  to  l).  An  added 

f Ts  ^ re^ini.«  tltanlu.  ca.  .e  etCed  „itd 
HF  without  degrading  the  GaAs  surface. 
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5.0  BROADBAND  MICROWAVE  MODULATOR  CIRCUITS 


] j 5.1  Introduction 

F 

, Broadband  modulator  characteristics  requires  the  application  of  microwave 

impedance  matching  techniques  to  the  microstrip  transmission  lines  formed  by  the 
. modulator  electrodes  and  the  input  lines.  Since  these  lines  are  unconventional  in 

’ size  compared  to  those  commonly  used  for  mic’^cwave  components,  it  was  necessary 

' ! to  determine  experimentally  the  circuit  parameters  of  the  microstrip  lines  as  was 

j done  earlier  for  the  mini-gap  ridge  waveguide  (Refs.  1,  2).  Measurements  were 

■ made  of  the  characteristic  impedance,  the  effective  dielectric  constant  and  the 

^ attenuation  coefficient. 


In  anticipation  of  high  power  microwave  operation  up  to  100  watt  levels , it 
was  felt  that  the  inpqt  circuits  to  the  microstrip  modulator  should  be  made  of  a 
tapered  ridge  waveguide,  since  the  solid  material  ridge  provides  a good  low  thermal 
resistance  path  to  a heat  sink.  However,  both  the  ridge  waveguide  and  the  small 
compact  coaxial  input  connectors  (SMA)  were  evaluated  a:  power  levels  up  to  80 
watts  while  connected  to  the  GaAs  waveguide  modulator.  The  results  indicated  that 
the  small  coaxial  input  line  is  capable  of  handling  80  watt  power  and  it  has  been 
used  in  subsequent  experiments.  For  continuous  operation  over  a long  time  period 
and/or  at  a higher  power  level,  a ridge  waveguide  would  be  the  best  choice. 

The  microwave  microstrip  circuit  is  siown  in  more  detail  in  Fig.  5*1>  The 
electrode  is  center- fed  through  a microstrip  impedance  transformer  from  a coaxial 
microstrip  launcher  and  the  ends  are  open  circuited.  The  launcher,  a standard 
design,  was  modified  to  have  a longer  center  conductor  extension  and  semicircula., 
shield.  The  longer  extension  allowed  the  pressure  to  be  distributed  over  a wider 
area  on  the  GaAs  thin-slab  without  causing  material  damage.  The  larger  contact 
area  for  the  microwaves  also  provided  slight  adjustments  for  improving  the  input 
impedance  matching.  With  the  center  fed  excitation  of  the  microstrip  transmission 
line,  only  the  wave  that  is  in  synchronous  with  the  laser  beam  modulates  this 
guided  optical  wave  (Refs.  2,  3)-  At  the  center  frequency  the  electrical  distances 
are  integral  numbers  of  half  wavelengths  from  the  feedpoint  to  the  open  circuited 
ends.  Although  the  configuration  may  seem  narrow  band,  this  is  not  necessarily 
the  case  as  will  be  shown  by  detailed  computer  modeling  of  the  microwave  circuit 
in  the  next  section.  For  example,  if  the  feed  line  from  a matched  generator  is 
well  matched  to  the  net  characteristic  impedance  of  the  two  lines  in  parallel, 
then  the  amplitudes  of  the  synchronous  components  of  the  standing  wave  are  inde- 
pendent of  frequency.  Therefore,  a broad  band  operation  can  be  accomplis  led  by 
placing  a microwave  circulator  at  the  input  port  that  not  only  protects  the 
modulator  driver  by  providing  a matched  termination  for  the  reflected  power  but 
also  produces  a circuit  that  is  almost  equivalent  to  that  of  a two  port  modulator. 
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The  most  efficient  modulation  condition,  of  course,  occurs  when  the  net  input 
resistance  is  transformed  so  that  an  impedance  match  exists  at  the  input  port 
of  the  modulator.  Under  these  matched  conditions  an  expression  for  the  power  in 
the  sidebands  has  been  derived  (Refs.  2,  3)  and  repeated  hers  for  reference 


P 


SB 


(5-1) 


in  which  the  phase  shift  Aq!>  is 


A(J 


(5-2) 


where  r^^^  = 1.2  x 10"^*^  cm/volt,  n is  the  index  of  refrctction,  k = 2tt/\,  P is 
the  microwave  power,  a is  the  microwave  attenuation  coefficient  in  Nepers,  T|  is 
the  free  space  characteristic  impedance,  t is  the  slab  thickness  and  W is  the 
width  of  the  microstrip  line,  and  L is  the  length. 


5.2  Modulator  Circuit  Modeling 

A better  understanding  of  the  possible  range  of  modulator  bandwidths  was 
obtained  from  a computer  circuit  model  by  varying  parameters  corresponding  to 
the  microstrip  modulator  circuit.  The  transmission  line  characteristics  used  in 
the  analysis  were  determined  experimentally  from  measurements  on  long  straight 
sections.  The  resonant  frequencies  and  the  input  impedances  at  resonance,  were 
used  to  establish  the  following  values  for  a modulator  microstrip  line  whose 
physical  dimensions  are  25  microns  thick  and  1 mm  wide:  Characteristic  impedance 

(Zq)  =2.7  ohms,  attenuation  = 0.70  dB/cm  and  an  effective  index  of  refraction  = 3.5. 

The  microwave  circui  'nalyzed  consisted  of  the  elements  shown  in  Fig.  5.2. 

The  modulator  line  is  of  length  L,  of  characteristic  impedance  Zq  and  is  open 

circuited  at  both  ends.  In  the  analysis  the  input  line  and  impedance  transformers 

forming  the  center  feed,  in  Fig.  5*2, may  have  all  or  some  of  the  elements  shown 

and  will  be  so  indicated  in  the  various  examples  discussed  below.  The  short  lengths 

of  line  of  characteristic  impedance  7q  and  Z2  are  taken  to  be  quarter  wavelength 

at  the  center  frequency  and  the  generator  impedance,  Rggnj  will  typically  be  50 

ohms,  but  other  values  will  also  be  used.  The  incident  and  reflected  power  at  the 

generator  terminals  are  denoted  by  Pj  and  P^  respectively  while  at  the  actual 

junction  to  the  modulator  line,  the  incident  and  reflected  power  are  denoted  as 

P.  and  P respectively.  In  Fig.  5*2  a synchronous  component  of  microwave,  P_  , 

^ sync 

is  identified  at  the  output  end  of  the  modulator.  In  the  calculations  an 

appioximate  average  value  of  this  component  across  the  length  of  the  line  will  be 

used  in  order  to  account  for  wave  attenuation.  This  average  value  of  Pgync  is 

proportional  to  the  side  band  power  generated  by  the  modulator. 
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Before  proceeding  to  the  bandwidth  analysis,  the  relative  power  in  the 
synchronous  wave  at  the  input  terminals  to  one  half  of  the  modulatoi  has  been 
calculated  as  a function  of  the  attenuation  of  the  line  and  the  ratio  rf  to  Zq. 
The  results  are  shown  in  Fig.  5»3-  In  this  case  the  line  is  assumed  to  be  an 
integral  number  of  half  wavelengths  long  and  open  circuited  at  the  end.  Since 
only  one  section  of  the  modulation  is  being  treated,  Z|  corresponds  to  twice  the 
value  that  would  be  used  for  the  full  modulator  and  Pj  is  only  one  half  the 
incident  power.  It  is  also  assumed  that  Z-i  = with  reference  to  the  definitions 

in  Fig.  5*2  and  5-3.  By  definition,  when  the  modulator  characteristic  impedance 
is  equal  to  that  of  the  input  line  the  synchronous  power  equals  the  incident 
power  and  the  traveling  wave  condition  pertains.  The  curves  plotted  in  Fig.  5 >3 
show  that  the  smaller  is  the  attenuation  in  the  line,  the  larger  is  the  maximum 
possible  value  of  the  synchronous  power.  At  a given  level  of  attenuation,  the 
maximum  value  of  the  synchronous  wave  actually  corresponds  to  the  input  line,  Zq, 
being  matched  to  the  net  resistance  appearing  at  the  input  terminals,  Rq^*  '^^e 
levels  of  attenuation  from  1 to  3 dB  are  typical  values  for  the  microstrip  modulator 
lines  actually  tested.  Attaining  the  largest  possible  synchronous  wave  amplitude, 
however,  is  not  compatible  with  the  largest  bandwidth. 

The  frequency  response  of  the  actual  modulator  is  first  analyzed  by  assuming 
the  idealized  condition  that  the  input  line  consists  of  only  a driving  generator 
whose  impedance,  Rgenj  frequency  independent  (See  Fig.  5*2).  These  calculations 
involve  the  well  known  general  transmission  line  equations,  in  which  the  necessary 
inclusion  of  wave  attenuation  requires  that  hy  erbolic  functions  with  complex 
arguments  be  evaluated.  Where  more  than  two  rets  of  terminals  are  present,  the 
use  of  a computer  program  dedicated  to  microwave  circuit  analysis  greatly  expedites 
calculations  (Ref.  4).  Figures  5*4  and  5*5  present  the  calculated  results  for  two 
idealized  cases:  (l)  a value  of  generator  impedance  of  2.5  ohms  (approximately 

equal  to  the  characteristic  impedance  of  the  modulator),  and  (2)  a value  of  10  ohms 
(approximately  equal  to  the  net  input  resistance  of  a 12  wavelength  long  modulator). 
These  calculated  results  provide  a quantitative  picture  of  how  the  frequency 
response,  in  terms  of  Psync’  depends  upon  modulator  length,  L,  when  wave  attenuation 
is  taken  into  account.  The  frequency  response  is  found  to  be  widest  for  the 
shortest  length,  however,  with  shorter  lengths  conversion  efficiency  is  reduced 
(Refs.  2,  3)-  For  completeness  the  variation  of  modulator  input  resistance  is 
also  shown  in  Fig.  5-4  as  function  of  frequency.  Its  variation  is  seen  to  be  not 
indicative  of  the  modulator  response.  For  the  12\  modulator  (most  of  the  modulation 
experiments  have  been  made  with  this  length),  it  is  interesting  to  note  that  a 
much  wider  bandwidth  i.e.,  700  MHz,  can  be  obtained  from  the  2.5  ohms  generator, 
as  compared  to  200  MHz  for  the  10  ohms  generator.  The  additional  bandwidth  can  be 
gained  with  a trade-off  in  reduction  of  synchronous  power  by  only  2 dB.  The 
synchronous  component  of  power,  as  mentioned  earlier,  was  evaluated  at  the  exit 
end  of  the  modulator  and  represents  an  approximate  average  value  over  the  length 
of  the  modulator.  The  calculations  were  not  carried  to  values  below  2.5  ohms 
because  at  present  it  does  not  seem  practical  to  consider  fabricating  impedance 
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transformers  for  such  low  values.  The  circuit  losses  at  such  low  values  can  be 
detrimeiital.  These  calculations  establish  that  the  open-ended  waveguide  modulators 
with  a bandwidth  exceeding  1000  MHz  are  possible.  This  structure  has  been 
referred  to  as  a "resonant  structure" in  our  preceding  work  (Ref.  3). 

In  this  computer  modeling  of  the  microwave  circuit,  for  simplicity,  no 
provisions  were  made  to  compute  the  effective  phase  shift  modulation  by  taking 
into  account  the  exact  field  distribution  of  the  synchronous  wave.  Nevertheless 
the  value  of  the  component  of  synchronous  power  at  th  e exit  end  of  the  modulator 
represents  a useful  mean  value  for  comparison  purposes.  As  an  example,  compare 
the  12\  center-fed  modulator  of  Fig.  5*^  to  a 12\  modulator  with  only  a traveling 
wave . The  traveling  wave  would  be  excited  from  a matched  generator  at  one  end  and 
the  microwave  power  delivered  to  a matched  level  at  the  other  end.  Since  the 
attenuation  for  121  long  modulator  is  approximately  2 dB,  a mean  value  of  -1  dB 
might  be  used  for  the  traveling  wave  case.  The  zero  dB  levels  in  Figs.  and  5*5 
correspond  to  the  modulation  characteristics  that  would  be  obtained  with  a traveling 
wave  where  no  microwave  attenuation  existed.  Comparing  this  with  the  center-fed 
modulator  with  the  open  circuited  ends,  we  see  that  the  center-fed  modulator  has 
a value  for  Pgync  “2  dB.  This  is  only  one  dB  less  effective  than  the  travelii.g 
wave  structure. 

We  next  consider  what  bandwidths  would  be  obtained  with  the  microstrip  circuit 
if  impedance  transformers  were  formed  in  the  input  microstrip  line  in  order  to 
obtain  desirable  values  of  equivalent  generator  impedances.  The  impedance  trans- 
formers would  consist  of  \/k  lengths  of  microstrip  lines  with  selected  impedance 
values,  as  was  illustrated  in  Fig.  5*2.  The  values  of  impedance  for  a particular 
transformer  ratio  and  the  type  of  frequency  response,  depending  upon  maximum  standing 
wave  ratio  in  the  pass  band,  can  be  obtained  from  published  theoretical  results 
(Ref.  5).  In  view  of  the  bandwidths  already  demonstrated  in  Figs.  and  5‘5, 
impedance  transformers  with  30  percent  bandwidth  were  selected.  These  can  be 
realized  with  he  existing  circuits  without  further  advancing  fabrication  techniques. 
The  results  oi  >-alculations  on  the  12\  structure  are  given  in  Fig.  5*6  for  various 
transformer  ratios  and  a 50  ohm  source.  Results  are  indicated  for  a one-step  and 
several  two-step  transformers.  A bandwidth  of  600  MHz  is  obtained  for  the  50  ohm 
generator  impedance  transformed  down  to  2.5  ohms.  This  compares  favorably  with 
the  700  MHz  obtained  from  Fig.  5-^  where  a constant  resistance  generator  impedance 
of  2.5  ohms  was  assumed.  It  is  also  interesting  to  note,  for  the  4.2:1  transformer 
value,  that  both  a one  step  and  a broader  band  two  step  transformer  gave  essentially 
identical  modulator  bandwidths.  This  indicates  that  both  impedance  transformers 
were  sufficiently  wide  and  that  the  limiting  factor  was  primarily  the  main  modulator 
line  itself.  Further  bandwidth  improvement  using  a . ingle  input  port  would  require 
a new  approach. 
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5.3  Experimental  Results  on  Bandwidth 

The  theoretical  calculations  on  bandwidth  predict  reasonably  well  the 
experimentally  measured  bandwidths  that  are  obtained  by  measuring  the  actual 
optical  side  band  power  variation  as  a function  of  frequency.  An  experimental 
result  for  a 121  modulator,  center-fed  through  a two  step  transformer  is  given  in 
Fig.  5.7.  The  bandwidth  obtained  is  700  MHz  and  the  conversion  efficient  is  0.7 
percent.  In  these  measurements  the  sideband  power  was  obtained  using  the  scanning 
Fabry-Perot  interferometer  as  discussed  in  previous  reports.  This  data  was  taken 
after  the  various  improvements  on  the  modulator  detailed  earlier  in  this  report 
were  realized.  The  measured  data  points  were  corrected  for  small  drifts  in  micro- 
wave  power  and  optical  power  and  are  seen  to  represent  relatively  little  scatter. 
This  experimental  data  actually  has  better  bandwidth  than  the  theoretical  model 
predicts.  With  these  results  and  the  results  (Fig.  6.4)  showing  1 GHz  of  band- 
width, it  is  evident  that  a center-fed  modulator  through  a two  step  transformer 
would  be  sufficient  to  meet  the  requirement  of  this  program.  It  is  possible  to 
make  the  present  structure  even  broader  band  and  to  obtain  a better  control  on 
the  detailed  shape  of  the  frequency  response  of  the  side  band  power  with  our 
modeling  techniques. 
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6.0  OPTICAL  AND  MICROWAVE  MODULATION  MEASUREMENTS 


6.1  Optical  Transmission  Characteristics 


Optical  transmission  measurements  were  made  with  a COg  laser  beam  of 1 mm  in 
diameter.  This  constraint  is  imposed  by  the  m ^owave  transmission  requirement . _ 

This  rules  out  the  use  of  grating  couplers  ( 1,2)  because  the  optimum  coupling 

length  required  for  grating  couplers  is  much  gi-,  .ter  than  1 mm.  Results  reported 
here  were  obtained  by  using  two  right-angle  germanium  prisms  with  a base  area  o 
5 mm  X 5 mm.  For  better  reproducibility,  the  base  of  these  prisms  are  optically  flat 
and  no  attempt  was  made  to  create  a varying  coupling  strength  by  means  of  a tapere 
gap  spacing.  Therefore,  the  maximum  transmission  in  our  case  is  81  percent,  by 
LLing  a perfect  (100  percent)  output  coupler.  All  the  transmission  measurements 
were  made  for  waveguide  thickness  ranging  from  2>  qm,  to  35  pm,  and  for  a fixed  pro- 
pagation path  length  of  2.8  cm.  The  reason  for  choosing  thicker  guides,  i.e.,  5s 
t s30  urn,  is  to  eliminate  the  excessive  propagation  losses  for  both  the  optical 
(Ref.  3)  and  the  microwave  (Ref.  4)  power.  Previously  calculated  (Ref.  4)  results 
indicate  that  the  coupling  efficiency  varies  only  slowly  with  the  gap  spacing,  6, 
provided  that  the  variations  in  6 can  be  kept  within  0.1  qm.  In  practice,  this  c n 
Lsily  be  accomplished  by  using  optically  polished  prisms  and  ion-beam  thinned  wave- 
guides. Transmission  measurements  through  a typical  bonded-down  GaAs  thin-slab 
waveguide  without  the  top  microstrip  electrode  are  shown  in  Fig.  6.1.  For  mos 
experiments  the  input  laser  power  to  the  waveguides  is  in  the  range  from  3 o 5 
and,  in  some  cases,  the  input  laser  power  has  been  increased  to  15  watts.  Optical 
transmission  characteristics  remain  the  same  over  this  range  of  laser  power.  Measure- 
ments  of  Fig.  6.1  were  made  with  a Gaussian  input  laser  beam  (a  - 0.75  mm).  Because 
of  insufficient  coupling  length,  the  measured  transmission  of  the  TEq  mode 
shown  in  Fig.  6.1) was  only  about  15  percent.  The  transmission  was  highest  for  the 
TE,  mode  at  46  percent.  A sharp  reduction  in  transmitted  power  for  the  higher  order 
moLs  is  caused  primarily  by  electrode  absorption  at  the  metallic  ground  plane, 
evaluate  the  power  loss  at  the  electrode,  a top  electrode  in  a microstrip  configura- 
tion was  subsequently  deposited  on  the  surface  of  the  waveguide.  The  measj^ed  trans- 
mission for  the  TEi  mode  propagating  in  the  pressure  of  both  the  top  and  the  bott 
electrodes  over  a distance  of  2.8  cm  was  33  percent.  From  these  two  transmission 
measurements  we  obtain  a value  of  0.24  crn'l  for  the  absorption  coefficient  of  the 


measuremeiiuo  wc  n nc:  -Triv  the 

two  electrodes  for  the  TEq  mode.  Similarly  we  obtain  a value  of  0.05  cm  the 

1 • A /-I  inn'  r'op'Crnr'Tent  from  t 


TE, 


mode.  With  these  values  we  can  estimate  the  input  coupling  coefficient  from  the 


transmission  expression  as  given  by 


T = 0.92  T]  exp  [-2.8  (o/f  + Q'm)'' 


(1) 


Equation  (l)  has  taken  into  account  various  losses,  namely,  l)  the  loss  at  two 
and  output  pris.  facet,  each  of  vhich  reflecte 
4 percent,  2)  the  loss  at  the  input  prism  with  a coupling  coefficien  n ( 
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cases  the  output  prism  is  assumed  to  be  a perfect  coupler),  3)  the  loss  in  a single 
electrode  with  an  absorption  coefficient  and  4)  the  GaAs  material  absorption 
coefficient  o'!!!  at  a known  value  of  0.01  cm“^.  From  Eq.  (l)  we  obtain  a 7]  value  of 
17  percent  and  72  percent  for  the  TEq  mode  and  TE]_  mode,  respectively.  These  values 
agree  very  well  with  our  previously  (Ref.  4)  calculated  values. 


6.2  Optical  Sideband  Power  Conversion  and  Modulation  Bandwidth 


Recent  advances  in  fabrication  techniques  of  the  bonded-down  GaAs  waveguide 
modulator  has  led  to  not  only  a significant  improvement  in  optical  transmission  but 
also  to  very  reproducible  microwave  impedance  characteristics  for  the  microstrip 
structure.  The  microstrip  structure  used  in  the  experiment  described  below  consists 
of  a narrow  strip  of  copper  electrode  1 mm  wide  and  2.8  cm  long  deposited  on  the  top 
surface  of  a 25  |j,m  thick  GaAs  slab  and  a copper  film  deposited  over  the  entire  bottom 
surface  of  this  slab.  Microwave  power  was  center-fed  into  the  microstrip  through  two 
quarter-wave  impedance  steps  from  a 50  ohm  coaxial  line.  This  was  accomplished  by  a 
modification  of  a commercial  connector.  The  measured  effective  dielectric  constant, 
attenuation  coefficient,  and  the  input  impedance  for  this  open-ended  circuit  at  the 
resonance  of  l6  GHz  were  12.2,  0.75  dB/cm,  and  45  ohms,  respectively. 


Experimental  setup  for  sideband  measurements  was  identical  to  that  used  previously 
(Ref.  5).  A well  collimated  CO2  laser  beam  was  transmitted  through  the  GaAs  waveguide 
modulator  along  the  (llO)  plane  with  its  polarization  oriented  along  the  (llO)  plane. 
The  microwave  electric  field  was  applied  perpendicular  to  the  (OOl)  plane  au  an 
estimated  rms  strength  of  3000  volts/cm.  The  field  induced  birefringence  causes  an 
instantaneous  phase  shift,  ^0,  in  the  guided  optical  wave  at  the  microwave  modulating 
frequency.  A sideband  power  Pgg  is  generated  as  a result  of  phase  modulation  at  the 
microwave  frequency.  Figure  6.2  is  a photograph  of  the  modulator  assembly  which  is 
connected  to  a 22  watts  microwave  TWT  amplifier. 


The  output  which  consisted  of  both  laser  carrier  power  and  Pgp,  was  analyzed 
by  an  electronically  scanning  Fabry-Perot  interferometer,  FPI.  The  mirror  spacing 
of  the  FPI  was  set  such  that  each  saw-tooth  voltage  V ramp  corresponded  to  one  free- 


spectral  range  of  50  GHz.  The  upper  trace  of  Fig.  6.3  shows  the  Vpp  waveform  and  the 


lower  trace  of  Fig.  6.3  shows  the  laser  carrier  signal  and  the  two  sidebands  located 


at  +16  GHz  from  Pp*  The  measured  conversion  e'"ficiency,  as  defined  by 


P^b/Pc 


i (A0)^ 


(2) 


was  found  to  be  1 percent  at  22  watts  of  imcrowave  driving  power.  This  conversion 
efficiency  should  increase  linearly  with  increasing  driving  power.  Fig.  6.4  is  a 
plot  of  the  measured  Pgg  as  a function  of  microwave  fiequency  at  a constant  22  watts 
power  level.  The  results  indicate  that  the  full  modulation  bandwidth  at  the  sideband 
half  power  points  for  a standing-wave  structure  is  approximately  1 GHz. 
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7.0  CHARNEL  WAVEGUIDES 


7.1  Introduction 

The  quality  of  the  transmitted  laser  beam  through  the  waveguide  depends  strongly 
on  not  only  the  quality  of  the  waveguide  and  the  couplers  but  also  the  electrode 
configuration.  Of  particular  importance  is  the  stress-induced  birefringence  along 
the  edge  of  a microstrip  electrode,  that  can  cause  beam  distortion  in  the  X direc- 
tion (Fig.  7.1).  Nearly  perfect  beam  shape  has  been  obtained  with  these  bonded-down 
planar  waveguides  in  the  absence  of  the  top  electrode.  When  a top  electro(^ . in  the 
form  of  a microstrip  line  (l  mm  x 2.8  cm)  is  deposited  on  the  surface  of  a bonded 
thin-slab  GaAs  waveguide,  the  transmitted  laser  beam  shape  is  severely  distorted,  as 
indicated  in  Fig.  7.1  for  an  incident  beam  size  of  =-  0.7  mm,  propagating  underneath 
the  electrode.  The  output  beam  quality  is  restored  if  the  propagation  path  is  out- 
side the  electrode  region.  The  elliptical  output  becomes  asymmetric  if  the  confocal 
beam  is  slightly  misaligned  with  respect  to  the  electrode.  The  elliptical  distortion 
increases  further  with  applied  microwave  power.  We  attribute  the  cause  of  the  above 
observed  lens-like  effect  to  a stress-induced  birefringence  along  the  edge  of  the 
electrode.  Because  of  the  electrode  geometry,  it  is  very  difficult  to  achieve  a 
perfect  alignment.  A diffract ion -limited  beam  can  only  be  collimated  within  the  nar- 
row microstrip  with  its  width  to  length  ratio,  d/L,  as  given  by  (Ref.  l) 

d^/L  2 36  x/nu 

where  \ and  n are  the  laser  wavelength  and  refractive  index,  respectively.  For  a 
width  of  1 mm,  the  length  can  not  exceed  3 cm. 

This  section  introduces  an  optimum  waveguide  structure  which  shall  not  only 
remove  the  beam  distortion  problem  but  also  shall  improve  the  optical  transmission. 

We  have  already  demonstrated  the  former  by  using  a simple  channel  waveguide.  Work 
is  in  progress  to  develop  an  advanced  waveguide  structure  which  can  provide  both 
features  as  mentioned  above. 


Channel  and  Raised  Ridge  Structures 

Experimentally,  we  found  that  this  lens-like  effect  can  be  eliminated  by 
increasing  the  electrode  width  from  1 mm  to  2 mm  for  an  input  beam  size  of  1 mm. 
From  the  modulator  design  point  of  view,  this  is  not  desirable  because  an  increase 
in  electrode  area  causes  an  increase  in  the  device  capacitance  or  a decrease  in 
effective  impedance  and  also  reduces  the  power  density  of  the  modulator  driver.  A 
more  desirable  approach  is  to  compensate  the  difference  in  refractive  index  along  the 
edges  of  the  electrode  by  removing  a small  amount  of  GaAs  material  to  form  a simple 
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channel  waveguide,  as  shown  in  Fig.  7.2  (a).  With  a simple  channel  waveguide,  we 
have  obtained  the  desired  beam  confinement  within  an  one  millimeter  wide  channel  in 
the  presence  of  microstrip  electrode.  The  transmitted  laser  beam  shapes  through  a 
25  M,m  thick  and  1 mm  wide  channel  waveguide  with  a channel  depth  of  ~ 5 p,m  are  shown 
in  Fig.  7.3.  Figure  7.3  (a)  depicts  the  input  beam  shape.  Figure  7.3  (b)  shows  the 
output  beam  shape  when  a TEi  mode  is  launched  from  the  point  A as  indicated  in 
Fig.  7.2  (a).  Two  finite  steps  in  the  waveguide  do  not  cause  any  discernable  beam 
distortion  but  only  cause  a slight  decrease  in  the  transmitted  power  as  compared  with 
that  transmitted  through  the  channel.  Figure  7.3  (c)  shows  the  output  beam  shape 
when  a TE]_  mode  is  launched  from  the  Point  C,  as  indicated  in  Fig.  7.2  (a),  which  is 
located  in  the  center  of  the  channel.  In  this  case,  the  top  surface  of  this  channel 
is  coated  with  a 10  p,m  thick  copper  film.  As  the  out-coupled  beam  emerges  from  this 
narrow  channel  with  a width  D - 1 mm,  it  spreads  slightly,  as  shown  in  Fig.  7.3  (c) 
at  a diffraction  angle,  2x/D,  of  about  0.02  radians.  If  the  laser  is  incident  at 
the  point  B which  is  located  at  the  edge  of  the  channel,  the  output  splits  into 
two  beams  as  shown  mi  7.3(d).  In  some  cases,  a splitting  into  a multiple  spots  can 
also  occur  if  the  direction  of  propagation  is  not  in  perfect  alignment  with  the 
edge. 


A simple  channel  waveguide  with  a channel  length  of  2.8  cm  has  been  used  in 
an  experiment  with  a TEMqo  mode  CO2  laser  at  the  P(20),  00°1  - 10°0  \^-R  transition. 

At  12  watts  input  laser  power  level,  we  obtained  a transmitted  power  of  4 watts 
via  a coupling  of  the  TEi  mode.  The  total  power  loss  in  the  transmission  is  8 
watts,  of  which  approximately  one  half  is  lost  at  input  coupler  and  the  other  half 
IS  lost  in  the  electrodes.  To  recover  some  of  tl^ese  losses,  we  have  considered  the 
case  of  a slowly  tapered  raise-ridge  waveguide  structure,  as  shown  in  Fig.  7.2(b). 

The  advantages  of  using  such  type  a structure  are:  1)  to  improve  coupling  efficiency 

for  the  TEq  mode  for  small  input  beam  sizes,  2)  to  reduce  the  propagation  loss,  3) 
to^ increase  the  driving  power  density  by  narrowing  the  ridge  width.  If  the  ridge 
height  is  at  25  ^im,  the  power  loss  due  to  the  absorption  of  the  2.8  cm  long  elec- 
trodes for  the  TEq  mode  is  oniy  about  13  percent,  which  is  calculated  by  using  the 
data  from  Ref.  2.  However,  the  waveguide  thickness  in  the  coupling  region  must  be 
decreased  by  a substantial  amount  in  order  to  efficiently  excite  the  TEq  mode. 

The  input  prism  coupling  efficiency  for  the  TEq  mode  and  the  TE,  mode  as  a 
lunction  of  waveguide  thickness  are  presented  in  Fig.  7.4  and  7.5.  These  Tl-values 
are  calculated  by  using  the  formulations  of  Tien  and  Ulrich  (Ref.  3).  in  all  cases 
the  coupling  air  gap-spacing  has  been  chosen  to  be  0.1  ^m,  a value  which  can  easily’ 
be  achieved  in  practice.  For  values  of  a in  the  range  of  O.5  to  1 ram,  the  optimum 
coupling  of  TEq  mode  occur  at  waveguide  thickness  in  the  neighborhood  of  10  to  I3  iim 
TE^^*  d (f^^^'^7  5)  times  that  of  the  optimum  thickness  for  coupling  cf  the 
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These  results  indicate  that  it  is  possible  to  excite  efficiently  the  lowest  loss 
guided-wave  mode  (TEq)  of  a 10  microns  thick  GaAs  waveguide  with  a focused  COp  lasei' 
beam  of  the  size  less  than  or  equal  to  0.5  mm  in  diameter.  This  guided-wave  mode 
will  subsequently  be  propagated  into  a slowly  tapered  raised-ridge  channel  with  a 
slight  i-ncrease  in  B/k  value  (/^p/k=^  O.O25).  The  energy  will  be  confined  within  this 
channel  over  a long  pro] agation  length.  Because  of  low  electrole  absorption  loss 
(2«g  = 0.05  cm“l),  a transmission  of  67  percent  of  the  incident  laser  power  is 
expected  for  a 3 cm  long  metal-cladded  thin-slab  waveguide  modulator.  Work  is  in  pro^ 
gress  to  verify  this  prediction. 
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